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To all whom it may concern:

Be it known that we, Robert A. Gentala, John DiDomenico, and Craig S. Rendahl,

have invented certain new and useful improvements in

OPTICAL PATH STRUCTURE FOR OPENPATH EMISSIONS SENSING

ofwhich thefollowing is a full, clear and exact description:
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OPTICAL STRUCTURE FOR OPEN PATH j^SSIONS SENSING

FIELD OF THE INVENTION

[0001] The present invention relates generally to remote sensing systems.

More particularly, the present invention relates to an apparatus for transmitting,

reflecting, and detecting light in an open path sensing system such as a vehicle emission

sensing system, having us in detecting and/or measuring one or more components of the

air through which the light passes.

BACKGROUND OF THE INVENTION

[0002] Current methods of determining whether a vehicle is compliant with

emission standards include open path and closed path emissions measurement systems.

In a closed path system, an emission sensor is directly connected to the exhaust of the

vehicle, such as by insertion into a tailpipe. An open path vehicular emissions

measurement system collects data by a means other than a direct connection to the

tailpipe, such as a remote sensor that analyzes the individual components of emissions.

Open path vehicle emission systems are often preferable to closed path systems because

they can be used in numerous locations and do not require the vehicle to stop for testing.

[0003] Various open path emission sensing systems have been known. One

such device uses a radiation source on one side of a roadway that projects a beam across

the roadway to be received by a detector. The radiation source and the detector are

located on opposite sides of the roadway. The radiation source emits light spectra that

may be used to detect an emission signature by way of absorption of light, or which

alternatively may be used to excite emission components so as to cause the components

to emit light. The detected emission signature can then be used in various applications,
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such as the measurement of a vehicle's compliance with emission limits and the

determination of the type of fuel that a vehicle is using.

[0004] A disadvantage of many known arrangements is that the radiation

sources and detectors must be placed on opposite sides of the roadway from each other.

Since both the detectors and radiation sources require power to operate, this means that

a separate power supply must be provided on each side of the roadway.

[0005] Some known arrangements have tried to overcome this problem by

using a radiation source on one side of a roadway and a reflective apparatus located on

the other side of the roadway.

[0006] Accordingly, it is desirable to provide an improved optical

transmission, reflection, and detection system as herein disclosed.

SUMMARY OF THE INVENTION

[0007] It is therefore a feature and advantage of the present invention to

provide an improved optical transmission, reflection, and detection system. In

accordance with one embodiment of the present invention, a gas component analysis

system includes a first light source capable of emitting at least one beam of light having

known emission intensities corresponding to a plurality of infrared, visible, and

ultraviolet spectra. The system also includes a reflection unit, a detection unit capable

of receiving the beam and measuring received intensities corresponding to the plurality

of light spectra, and a processor capable of comparing the enaission intensities and the

received intensities and identifying a concentration of a component corresponding to

the intensities.

[0008] Preferably, the system also includes a first off-axis reflector

positioned to receive the beam from the first light source and reflect the beam toward
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the reflection unit. The reflection unit is positioned to receive the beam from the off-

axis reflector and reflect the beam. Also preferably, a second off-axis reflector is

positioned to direct the beam reflected by the reflection unit so that the beam may be

received by the detection unit. Each off-axis reflector preferably comprises a parabolic

mirror.

[0009] Also preferably, the system also includes a filter wheel positioned to

spin about an axis and receive the beam from the first light source and pass the beam

to the reflection unit in pulses. The filter wheel preferably includes a plurality of filters,

each of which substantially limits the passage of light to a predetermined spectral

wavelength or range of wavelengths.

[0010] Also preferably, the beam of infrared light travels along an optical

path to the reflection unit. In this embodiment, the system also includes a second light

source capable of emitting a beam of ultraviolet light, as well as a neutral density filter

positioned to direct the beam of ultraviolet light along the optical path to the reflection

unit. The neutral density filter should be positioned to direct the beam of infrared light

to the reflection unit.

[0011] Also preferably, the system also includes a reflector wheel positioned

to spin about an axis and receive the beam from the reflection unit and direct infrared

components of the beam to the detection unit in pulses.

[0012] In accordance with another embodiment, a method of measuring

concentrations of one or more components of a gas includes the steps of: (1) emitting

at least one beam of light having known emission intensities corresponding to a

plurality of infrared, visible, and ultraviolet spectra through the gas; (2) using a

reflection unit to reflect the beam; (3) using a detection unit to receive the beam; (4)

measuring received intensities in the beam corresponding to the plurality of light
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•
Spectra; and (5) identifying a concentration of at least one component of the gas

corresponding to a ratio of the emission intensities and the received intensities.

[0013] Preferably, the method embodiment also includes, before the

reflecting step, filtering the beam and passing the beam to the reflection unit in pulses.

It may also include, before the detecting step, directing visible and ultraviolet

components of the beam and directing infrared components of the beam to the detection

unit Also preferably, in the method embodiment the identifying step is performed by

a processing device that is programmed to perform the calculation of a component

concentration using a formula corresponding to the Beer-Lambert lav^.

[0014] There have thus been outlined, rather broadly, the more important

features of the invention in order that the detailed description thereof that follows may

be better understood, and in order that the present contribution to the art may be better

appreciated. There are, of course, additional features of the invention that will be

described below and which will form the subject matter of the claims appended hereto.

[0015] In this respect, before explaining at least one embodiment of the

invention in detail, it is to be understood that the invention is not limited in its

application to the details of construction and to the arrangements of the components set

forth in the following description or illustrated in the drawings. The invention is capable

of other embodiments and of being practiced and carried out in various ways. Also, it

is to be understood that the phraseology and terminology employed herein, as well as

the abstract, are for the purpose of description and should not be regarded as limiting.

[0016] As such, those skilled in the art will appreciate that the conception

upon which this disclosure is based may readily be utilized as a basis for the designing

of other structures, methods and systems for carrying out the several purposes of the

present invention. It is important, therefore, that the claims be regarded as including
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such equivalent constructions insofar as they do not depart from the spirit and scope of

the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 illustrates a preferred embodiment of a Hght source component

of the present invention.

[0018] FIG. 2 illustrates a preferred embodiment of a reflective element of

the present invention.

[0019] FIG. 3 illustrates a preferred embodiment of a detector component of

the present invention.

[0020] FIG. 4 ilUustrates an exemplary spectral wheel that may be used in

accordance with one embodiment of the present invention.

[0021] FIG. 5 illustrates an alternate embodiment of a detector component

of the present invention.

[0022] HG. 6 illustrates several elements of an exemplary computer of a type

suitable for carrying out certain functions of the present invention.

DETAILED DESCRIPTION OF PREFERRED

EMBODIMENTS OF THE INVENTION

[0023] A preferred embodiment of the present invention provides an

improved optical transmission, reflection, and detection system for gas component

analysis. A preferred embodiment includes a light source unit, which preferably

includes an ultraviolet and/or an infrared light source; a reflector unit; and a light

detector. Preferably, the hght source and detector are included within a single housing.

However, the hght source and the light detector may optionally be provided in separate
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housings, '^^^ight is transmitted through a gas, such as air containing vehicle

emissions, reflected, and detected for analysis and measurement of the amount of

absorption that has occurred at known frequencies. The amount of absorption may be

used to determine a concentrations of reference gases corresponding to specific

frequencies.

[0024] In a preferred embodiment of this invention, infrared, visible, and

ultraviolet radiation are combined into one beam, directed across a path such as a road

across which vehicles travel and generate exhaust, reflected back across the path,

collected and concentrated, separated again, and analyzed by an one or more detectors

and/or spectrometers. The infrared light passes through a sequence of filters, preferably

narrow bandpass filters, such that each filter is specific to a gas of interest. In one

embodiment, a spinning wheel holds the filters and passes each filter in front of the

infrared light source in sequence. In an alternate embodiment, the infrared light is

reflected by a spinning reflector, such as a mirror, into a stationary array of filters and

elliptical mirrors which focus it directly into an infrared detector

[0025] A portion of a preferred embodiment of the present inventive

apparatus is illustrated in FIG. 1. FIG. 1 illustrates a possible light source component

of the present invention. The hght source component shown includes an infrared light

source 10 and a source or sources of ultraviolet light 12 and/or visible light 11. The

infrared light 14 emitted by the infrared source 10 passes through a filter component 16,

then it is reflected by a neutral density filter, or beam splitter, component 18 and follows

optical path 20 until it reaches an off-axis reflector 26 such as a paraboHc mirror. The

reflector 26 reflects the infrared light 14 along a path 22 leading to a reflection unit. In

addition, ultraviolet and/or visible light 24 that is emitted by the sources 11 and 12 is

passed through the neutral density filter 18 such that it also follows optical path 20 to

-6-
PT: #85580 v4 ri%1804!.DOCl



ATTORNEY REF. NO. 114292.2900 PATENT

m
the off-axis reflector 26, where the light is reflected to also follow path 22 toward the

reflection unit.

[0026] Optionally, only the infrared light source 10, and not the ultraviolet

or visible sources, may be provided. In such an embodiment, the neutral density filter

18 may also optionally be omitted with the infrared light source 10 taking the position

of the ultraviolet source 12 in such an alternative arrangement.

[0027] Preferably, the filter component 16 is a spinning wheel, that is

powered by a motor 15 that spins the wheel about an axis. Also preferably, a

synchronization device 65 is provided to track the position of the wheel and/or the

number or speed of rotations of the wheel.

[0028] As FIG. 1 illustrates, where multiple light sources are provided the

emitted beams preferably follow the same substantially same optical path toward the

reflector 26. The off-axis reflector 26 is positioned such that the angle of incidence

formed by incoming and reflected light is an angle other an a 180-degree angle. Thus,

light transmitted to the reflector 26 is reflected in a direction that it away from the

original light source. Preferably, the focal point is such that the light reflected away

from the reflector 26 and the incoming light form an angle of approximately 30 degrees.

However, other angles may be provided in alternate embodiments. In addition, the

neutral density filter component 18 preferably is designed so that it substantially reflects

ultraviolet but substantially passes infrared light, although 100% reflection/detection

of such light components is not required. Also preferably, the off-axis reflector is

protected by a calcium fluoride (CaFz) window or cover.

[0029] The infrared Hght source item 10 preferably is a low power

consumption (preferably less than about ten watts) integrating sphere comprised of a

filament positioned around a central member. The filament and member, when
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energized, emitnght, and the sphere, with most or all of its internal surface comprised

of reflective material, concentrates the light to exit through an opening in the sphere,

thus creating a pure source of infrared light. Preferably, the light source has little or no

cool spots from filament or other material that would interfere with a homogenous

transmittance of light. However, other light sources, such as pure bulbs or filaments,

may be used.

[0030] The visible light source 11 is preferably a light emitting diode (LED)

or other visible source, and the ultraviolet light source 12 is preferably an ultraviolet

lamp such as deuterium lamp, a xenon lamp, or another lamp that provides ultraviolet

light in spectra of interest. The visible light source 11 is focused through an orifice in

the ultraviolet lamp, combining the visible and ultraviolet light (UVA^IS). The

filter/mirror 18 preferably is a neutral density filter positioned at an angle to the axis of

the beam of UVA^IS light. The neutral density filter 18 acts as a beam combiner,

reflecting the light from the infrared source 10 and allowing the UVA'^IS light to pass

through. The off-axis reflector 26 then collimates the combined light and directs it

across the path 22.

[0031] FIG. 2 illustrates an exemplary reflection unit, which in an

embodiment used to detect vehicle emissions is preferably placed across the road from

the light source component. The reflection unit includes a retro-reflective system,

preferably a vertical system and preferably comprising at least three mirrors positioned

to form 90 degree angles with respect to each other. Referring to FIG. 2, incoming light

22 is reflected by a first mirror 30 and a second mirror 32. The first and second mirror

are adjacent or substantially adjacent to each other to form a 90 degree angle. The light

reflected by the first and second mirrors is transmitted to a third mirror 34, which is

positioned to be at an approximately 90 degree angle from the first mirror 30 and
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second mirror 32. FIG. 2 illustrates the first mirror 30 along its flat reflective portion,

and the second mirror 32 along its edge so that the flat reflective portions of each of the

first mirror 30 and second mirror 32 form a 90 degree angle, FIG. 2 illustrates the edge

of third mirror 34 such that the flat reflective portion of third mirror 34 forms a 90

degree angle with the flat reflective portions of both first mirror 30 and second mirror

32. Light 36 that is reflected by third mirror 34 is then transmitted to the detection unit.

Preferably, the angles described above are perfect 90 degree angles, although minor

discrepancies may be allowed. The incoming light 22 and/or the reflected light 36 pass

through an air component that is to be measured, such as vehicle emissions.

[0032] FIG. 3 illustrates an exemplary detector component that receives light

transmitted by the source component of FIG. 1, and passing light generated by the

source component of HG. 1 to the reflective system of FIG. 2. Referring to FIG, 3,

incoming light 36 is reflected by an off-axis reflector 38 such as a parabolic mirror that

reflects light along an optical path 40 to form an angle other than a 180 degree angle

with the incoming light 36. The light transmitted along optical path 40 is reflected by

a beam splitter or filter 44, preferably a neutral density filter, that directs infrared light

48 toward infrared detector 50. Preferably, the infrared detector 50 is positioned

slightly off the focal point so that the light can over-bathe the detector's active area to

allow for system vibration without adversely affecting measurement accuracy. The

infrared detector 50 can be a lead -selenide, mercury-cadmium-telluride, or another

suitable infrared detector, preferably having multistage thermal electric cooling.

[0033] The neutral density filter 44 passes all or portions of visible and/or

ultraviolet light 46 so that the visible and ultraviolet spectra may be measured by one

or more spectrometers 42 and 43. The beam splitter or filter 44 may comprise any
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reflective or transmissive device, such a neutral density filter, that allows different

wavelengths of light to be passed and/or reflected. The UVATIS light which passes

through the filter 44 is split off and carried to the respective spectrometers in one of two

ways. The first is to focus it on the end of a Y-shaped split optical fiber cable that sends

a portion of the light to each spectrometer. The second is to use a third beam splitter

73 to focus a portion of the light into the visible spectrometer 82 and the other portion

into the UV spectrometer 84 (either with or without optical fiber cables) as illustrated

in FIG. 5. In either case, the light can be slightly defocused or overbathe the light

orifice of the spectrometer for resistance to vibration and coincident reduction of light

with the vibration. Preferably, referring again to FIG. 3, the path 46 along which

ultraviolet and/or infrared light is passed comprises one or more cables that pass the

light directly to the one or more spectrometers 42 and 43 .

[0034] The infrared detector 50 detects the intensity of light along various

spectra. The spectra considered correspond to various known components of vehicle

exhaust gases. For example, the detector may detect the intensity of light along the

following spectra for a measurement of the following vehicle emission components:

Component Wavelength

Carbon Monoxide (CO) 4.65//

Carbon Dioxide (CO2) 430 fj

HCi 3.45//

HC2 3.17//

HC3 3.01//

HC4 3.31//

H2O 2.75//
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Reference 3.85

Other wavelengths corresponding to other components, as well as fewer than all of the

above-listed wavelengths, may be measured.

[0035] Using a processing device, the intensities measured by the detector

at each desired wavelength are compared to intensities of light emitted by the source at

a reference wavelength using a test to measure the amount of the component associated

with the wavelength that was detected in the sample of open air.

[0036] Preferably, concentrations of gases may be derived using the Beer-

Lambert Law Ln(I/Io) = Lwhere LC is the concentration of the component being

measured. However, other tests and formulae may be used in alternate embodiments.

[0037] The Beer-Lambert Law relates absorbance to concentration where an

amount of change [dl(v)] in light intensity [I(v)] at a wavelength = ^ is proportional to

the concentration of species [c(v,y)] that can absorb frequency = v and may vary in

space across the beam in the y direction:

dl(v)/l(v) = kc(v,y)dy

When this equation is integrated, it becomes:

In ( I/Io) = k [(Intregral) c(v,y)dy]

Where I is the intensity of the sample light; lo is the intensity of the reference beam;

k is a constant that depends upon the temperature, pressure and molecular structure

and; c is the concentration.

[0038] If the concentration of a pollutant is uniformly distributed along the

path length L and the atmosphere has only one absorbing species, then the equation

becomes:

In (I)/Io = -kcL
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where I is the source light intensity, Iq is the detected light intensity, and kcL is the

concentration of the component being measured. When the atmosphere has more than

one absorbing species and the path length is not uniform, then the equation can be

written as:

In (I)/Io = 2i-ki(vOLci(v,y)dy

where i species are mixed in the plume with varying concentrations Ci across the

plume's width y. The instrument preferably uses a spectral library and this equation to

calculate the absorbance and concentration of each species.

[0039] Using combustion equations enables the simplified equation In (I)/Io

= -kcL to be applied to the remote sensing device, even though the tailpipe plume may

not be evenly distributed across a traffic lane. The combustion equations may be used

to calculate pollutant concentrations in the undiluted exhaust with the ratios of the

pollutants to carbon dioxide.

[0040] In a preferred embodiment, the transmission and detection of light at

the wavelengths of mid-infrared listed above is accomplished by using a spinning filter

wheel as the filter component (referred to in FIG. 1 as item 16). HG. 4 illustrates an

exemplary spinning filter wheel. Referring to FIG. 4, the spinning filter wheel contains

light filters such as 60 and 62 that correspond to wavelengths associated with individual

emission components, such as those illustrated in the above chart. The illustration in

FIG. 4 illustrates a wheel having eight filters, thus corresponding to the wavelengths

and emission components listed in the chart set forth above. However, fewer and/or

additional filters, corresponding to fewer and/or additional emission components, may

be used in altemate embodiments. Each filter is designed to only allow light of a

specific wavelength or wavelength range to pass through it.
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[004rr In addition, the filter wheel preferably will have one or more

synchronization marks such as 64 that, when detected by a synchronization unit

(illustrated in FIG. 1 as item 65), may be used to define either the exact filter or the start

of a set of filters that will be in the optical path. The wheel may have one or more

opaque areas either between every filter or only between specific filters. The opaque

areas prohibit source light from getting to the detector when the opaque area passes over

the infrared source. In operation, the wheel spins about an axis 66 at high speeds,

preferably up to 20,000 rotations per minute, up to 30,000 rotations per minute, or more,

to form a pulse train of infrared light. The known speed allows the detector to

determine, based on the pulse, the wavelength of light that should be compared, so that

appropriate concentrations can be measured. This combination overcomes

disadvantages of prior art, which require discrete detectors for each wavelength.

[0042] The UVA^S light source illustrated in FIG. 1 as item 11 is an option

and is not required. However, such a source allows the performance of additional tests

on detected light associated with visible and ultraviolet spectra, such as an opacity test.

One type of opacity test that may be performed is the Society of Automotive Engineers

J 1667 opacity test, also known as the snap acceleration test, which measures

concentrations of light spectra in ranges such as 562 through 568 nanometers.

Preferably, the visible portion of UVA^S source 11 can also permit detection of blue

smoke, which may be indicative of a vehicle that is burning excessive lubricating oil.

[0043] In accordance with an alternate embodiment of the present invention,

the light source unit illustrated in FIG. 1 may omit the filter component 16 such as the

spinning filter wheel. In accordance with this embodiment, an alternate detector unit

is provided. FIG. 5 illustrates such a detector unit. Referring to FIG. 5, incoming light

70 that is transmitted by the source unit through an emission to be analyzed is reflected
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by an off-axis reflector 72, which focuses a hght beam 74 onto a first neutral density

filter 71 that directs visible light 73 to a visible light spectrometer 82. Remaining

components of the light are focused on a second neutral density filter 77 that focuses

reflected light 79 to an ultraviolet spectrometer 84 and reflects light 78 to a rotating

mirror 76. Each neutral density filter directs ultraviolet or visible components of the

light stream to a corresponding spectrometer 82 or 84, preferably via cables or optical

fibers, but optionally by direct focus. The rotating mirror 76 preferably is similar to the

spinning filter wheel of FIG. 4, except that instead of a rotating mass containing filters,

the rotating mass is a single-faceted mirror. The rotating mirror 76 directs infrared light

78 one or more bandpass filters such as 81 that filter the individual spectra and direct

the filtered light to corresponding elliptical focusing mirrors 83 that direct light to an

infrared detector 80 which may be used to detect individual components of the light.

The rotating mirror 76 preferably spins at a speed of up to 60,000 rotations per minute

or more, although other speeds may be used.

[0044] FIG. 6 illustrates several elements of a computer processing device

that may be used in accordance with a preferred embodiment of the present invention.

Referring to FIG. 6, the detector 90 delivers emissions-related data to a processor 92.

The detector may be any of the detectors or spectrometers as illustrated in FIGs. 3 and

5, or any device that receives or contains information collected by such detectors or

spectrometers. In the embodiment illustrated in FIG. 6, the detector 90 is part of the

unit that contains the processor 92, and the delivery is performed by a direct link such

as a serial bus 94. However, the processor 92 and detector 90 may be separate, such as

with the remote detector 96 illustrated in HG. 6. Where a remote detector is used, the

data may be delivered to the processor 92 by a communications link 100 that delivers

- 14-
PT; #85580 v4 (1%18041DOC^



ATTORNEY REF. NO. 1 14292.2900 PATENT

the data to an input port 98 such as a conrununications port. An optional wireless

communications link 102 and receiver 105 for such a wireless communication are also

illustrated in FIG. 6. The communications link 102 may be a direct wire, a wireless

communications link, a global communications network such as the internet, or any

other communications medium

[0045] The system illustrated in FIG. 6 also includes a memory 104 which

may be a memory such as a hard drive, random access memory and/or read only

memory. Other memory devices 106 and 108 such as a CD-ROM, CD-R, DVD, floppy

drive, ZIP drive, microdrive, compact flash, or other memory device may also be

included. The device also optionally and preferably includes a display 110 and/or a

transmitter 112 for providing output to a user or another device.

[0046] The many features and advantages of the invention are apparent from

the detailed specification, and thus, it is intended by the appended claims to cover all

such features and advantages of the invention which fall within the true spirits and

scope of the invention. Further, since numerous modifications and variations will

readily occur to those skilled in the art, it is not desired to limit the invention to the

exact construction and operation illustrated and described, and accordingly, all suitable

modifications and equivalents may be resorted to, falling within the scope of the

invention.
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